Abstract Forward genetics (phenotype-driven approaches) remain the primary source for allelic variants in the mouse. Unfortunately, the gap between observable phenotype and causative genotype limits the widespread use of spontaneous and induced mouse mutants. As alternatives to traditional positional cloning and mutation detection approaches, sequence capture and next-generation sequencing technologies can be used to rapidly sequence subsets of the genome. Application of these technologies to mutation detection efforts in the mouse has the potential to significantly reduce the time and resources required for mutation identification by abrogating the need for highresolution genetic mapping, long-range PCR, and sequencing of individual PCR amplimers. As proof of principle, we used array-based sequence capture and pyrosequencing to sequence an allelic series from the classically defined Kit locus (*200 kb) from each of five noncomplementing Kit mutants (one known allele and four unknown alleles) and have successfully identified and validated a nonsynonymous coding mutation for each allele. These data represent the first documentation and validation that these new technologies can be used to efficiently discover causative mutations. Importantly, these data also provide a specific methodological foundation for the development of large-scale mutation detection efforts in the laboratory mouse.
Introduction
Nearly a century ago, Clarence C. Little and his colleagues at the Roscoe B. Jackson Memorial Laboratory (now The Jackson Laboratory) identified the occurrence of heritable white spotting in the house mouse (Little and Cloudman 1937) . This locus is classically referred to as the ''W'' or dominant spotting locus, because heterozygotes have white belly spotting, white feet, and white tail tips. Fifty years later, Edwin Geissler and colleagues demonstrated that the W locus is the Kit oncogene (Geissler et al. 1988 ). There are 95 Kit alleles and the causative mutations have been identified in about half of them. Mutations at the Kit locus affect embryonic stem cell migration, resulting in pleiotropic effects on hematopoiesis, primordial germ cell development, and melanogenesis. In general, homozygotes die in utero due to severe macrocytic anemia. Rare surviving homozygotes are leucistic (black eyed, white), severely anemic, and sterile.
The Kit series is an archetypal allelic series in the laboratory mouse that has greatly contributed to our current, relatively sophisticated understanding of KIT receptor function and its multifaceted role in stem cell proliferation, migration, and development. The Kit allelic series exemplifies the power of allelic diversity and the inherent value M. D'Ascenzo and C. Meacham contributed equally to this work.
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The online version of this article (doi:10.1007/s00335-009-9200-y) contains supplementary material, which is available to authorized users. of Muller's morphs (hypo-, hyper-, neo-, and antimorphs) for in-depth genetic analyses of molecular pathways. Furthermore, allelic series often provide better models of human disease, where phenotypes are rarely the result of null or amorphic alleles.
The Knockout Mouse Project (KOMP) and various gene trap consortia are rapidly advancing the goal of creating a null allele of every gene in the mouse genome. These revolutionary projects are the pinnacle of reverse genetics in the mouse. However, forward genetics (phenotype-driven approaches) remain a primary source for generating allelic diversity, i.e., non-null alleles. Still, the gap between observable phenotype and causative genotype limits the widespread use of spontaneous and induced mouse mutants. Uncloned mouse mutants are a vast, untapped resource of potential non-null alleles. Ongoing mutagenesis programs and spontaneous mutant programs continue to produce mice with interesting and valuable phenotypes. Currently, there are approximately 1500 uncloned mouse mutations from a variety of sources registered and listed in the Mouse Genome Informatics (MGI) database. Prior to the completed sequencing of the mouse genome, with relatively minimal a priori knowledge of the physical position of genes in the genome, mutations were identified by a combination of traditional genetic mapping by recombination, somatic cell hybrid analysis, deletion mapping, and Southern analysis.
After publication of the mouse genome, the process of mutation identification changed dramatically. In general, a mutation is mapped to a large chromosomal region using strain-specific SNPs or SSLP markers that span every chromosome (genome scan) and then high-resolution mapping, often involving an intersubspecific cross, is used to narrow the critical interval. Candidate genes are then sequenced with a priori knowledge of their physical location in the genome. Using this approach, a mutation within a candidate region (usually *4 Mb) can be found in several months. However, high-resolution mapping often requires efforts of a year or more, especially if a mutation is in noncoding sequence or sequence that is not well annotated. While the current positional cloning process is straightforward, it requires some facility in mouse genetics and ample vivarium space. This process is labor intensive because it relies heavily on PCR amplification of large numbers of individual templates for capillary sequencing.
The current race towards the $1000 genome has spawned a series of technologies that have the potential to close the gap between phenotype and genotype. While the $1000 genome is not currently attainable, array enrichment and next-generation sequencing technology can be used to rapidly sequence subsets of the genome Okou et al. 2007 ). Indeed, array capture has been used to sequence the coding portion of the human genome (*2% or 55 Mb) (Hodges et al. 2007 ). This technology can significantly reduce the time and resources required for mutation identification by abrogating the need for highresolution genetic mapping, long-range PCR, and sequencing of individual PCR amplimers. Most often for work in the mouse, molecular genetic data like map position are available to guide mutation discovery. As proof of principle that array enrichment and next-generation sequencing technology can be used to rapidly identify mutations, we chose to apply these new technologies to identify novel alleles in the archetypal Kit allelic series.
Materials and methods

Strain information and DNA preparation
The five Kit alleles selected for this experiment are spontaneous mutations that all arose at The Jackson Laboratory between 1967 and 1988. The alleles, strain background, generation, date of DNA collection, and primary references are listed in Table 1 . Four of the alleles arose on the C57BL/6J strain and one arose on the DBA/2J strain. The C57BL/6J strains were maintained by sibling intercrossing and the DBA/2J strain by backcrossing to the C57BL/6J strain. DNA from each strain was prepared by and obtained from the Mouse DNA Resource at The Jackson Laboratory. Briefly, high-molecular-weight DNA was prepared from spleen by nuclear extraction. Spleen DNA was stored at -20°C for at least 16 years prior to use. RNase One (Promega, Madison, WI) ribonuclease was used to remove Sequence capture library construction Genomic DNA from the indicated strains was shipped to Roche NimbleGen and each sample was processed into a capture library. From each sample, 20 lg of gDNA was fragmented using a Branson probe sonifier used at the previously published settings in an 80-ll volume ). An average DNA strand length of approximately 400 bp was determined by using capillary electrophoresis on a DNA7500 chip in the BioAnalyzer 2100 (Agilent, Palo Alto, CA). The genomic DNA was polished and repaired using a combined T4 DNA polymerase and T4 PNK (New England Biolabs, Ipswich, MA) in a 120-ll volume. The polishing master mix contained 12 ll 10 9 NEB ligase buffer with 10 lM rATP, 9 ll water, 1 ll 100 9 NEB BSA, 5 ll 25 mM dNTP mix (dATP, dTTP, dCTP, dGTP) (Epicentre, Madison, WI), 1 ll 100 mM rATP, 6 ll (18 U) NEB T4 DNA polymerase, and 6 ll (60 U) NEB T4 polynucleotide kinase. The polishing reaction was incubated in a thermal cycler for 20 min at 12°C, 20 min at 25°C, and then 20 min at 75°C. The samples were allowed to cool to room temperature while the ligation master mix was created. Four microliters of 500 lM gSel3/4 adapter was added to each room-temperature genomic DNA sample. The conditions for adapter annealing and primer sequences were as published previously ). The ligation master mix consisted of 8 ll 10 9 NEB ligase buffer with 10 mM rATP, 2 ll 100 mM rATP, 57 ll water, and 10 ll (200 U) NEB T4 DNA ligase. The final ligation reaction volume was 200 ll (119 ll of polished DNA, 4 ll of adapters, and 77 ll of ligation master mix). The reaction was incubated at room temperature for 90 min. Samples were prepared for small-fragment removal (e.g., adapter-dimer) by adding 2 ll of 10% (v/v) Tween-20 (Sigma, St. Louis, MO) and mixing. The samples were brought up to 300 ll total volume with TE (pH 8.0). Small DNA fragments were removed by adding 0.7 volume of AmpiPure SPRI Beads (60) (Agencourt Biosciences, Beverly, MA) (210 ll), vortexing, and incubating at room temperature for 5 min. The beads were collected using a rare earth magnetic particle collector (MPC, Invitrogen, Carlsbad, CA). The supernatant containing the small DNA fragments was removed by pipetting, and the bead pellets were washed twice with 500 ll of 70% (v/v) EtOH. The beads were then air-dried at 37°C in the MPC for 5 min. The libraries were then eluted from the SPRI beads by vortexing in 50 ll of water. The SPRI beads were collected using the MPC and the amount of DNA was determined using a NanoDrop ND1000. Library fitness was determined by analyzing 1-ll aliquots from each enzymatic step on a BioAnalyzer 2100 DNA7500 chip. Amplification competency was assessed by LM-PCR with primers (gSel3) complementary to the ligated adapters; sequences and conditions were as previously published ). Amplicons were evaluated by agarose gel electrophoresis.
Capture array handling
Array hybridization was executed using an X1 mixer and the NimbleGen Hybridization System for 3 days at 42°C following the manufacturer's recommended conditions. Mouse Cot1 (Invitrogen/Life Technologies, Carlsbad, CA, Catalog No. 18440016) was used in the place of human Cot1 at a mass ratio of 20:1 vs. the library (e.g., 100 lg mouse Cot1 to 5 lg capture library). Arrays were washed using recommended conditions for array CGH, except that mixer seals were broken under 200 ml of NimbleGen Wash Buffer II (1 9) at 42°C and then moved to NimbleGen Stringent wash (1 9) for two 5-min incubations at 47.5°C. The remaining wash steps in the CGH protocol were performed as described by the manufacturer. After wash III (1 9), captured molecules were eluted from the slides using a NimbleGen Elution Station according to the manufacturer's recommended conditions. Eluted molecules were dried by centrifugation under vacuum (Vacufuge, Eppendorf, Westbury, NY) and amplification via the gSel adapters was performed as previously described 
Validation
The validity of all putative variants called between 75953844 and 76070262 bp was tested by PCR amplification of the variant position in all five genomic DNA samples and one control genomic DNA sample from an inbred C57BL/6J mouse or an inbred DBA/2J mouse (genomic DNA samples were obtained from the DNA Resource at The Jackson Laboratory). PCR products were purified using Agencourt's AmPure. Following purification, capillary sequencing reactions were performed using Applied Biosystems BigDye ver. 3 (Foster City, CA).
Sequencing reactions were purified using Agencourt's CleanSeq and run on an Applied Biosystems 3730xl. Data files were analyzed using Applied Biosystems Sequencing Analysis ver. 5.2.
Results
The five Kit alleles selected for targeted resequencing are all spontaneous mutations that arose at The Jackson Laboratory (Schlager and Dickie 1967; Sweet et al. 1990 ) ( Table 1) . One of the alleles, Kit W-41J (W-41J), is a known Kit mutation and, therefore, its V831M mutation served as a positive control. The other four Kit strains selected were previously shown to carry Kit mutations by noncomplementation testing, but the specific molecular lesion was unknown. The Kit allele Kit W-73J (W-73J) was included because this mutation arose on a nonreference strain background (DBA/2J) (Sweet et al. 1990 ). The other three alleles,
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(W-20J), were selected based on the severity of phenotypes reported where the ''mildest'' allele, W-39J, is a viable allele and the most ''severe'' allele, W-40J, causes early lethality and detrimental effects on gametogenesis in heterozygotes (Geissler et al. 1981) .
Sequence capture and sequencing DNA samples from each of these five strains were processed and assigned unique, nonidentifying sample numbers prior to shipping to Roche NimbleGen. A commercially acquired mouse genomic DNA (msgDNA) was included because the DNA samples from the five Kit strains had been in storage for as long as 23 years (Table 1) and the extent of degradation and potential loss of sequence quality was unclear in advance of the experiment. Sequence capture libraries were constructed for all samples and enriched for the target locus using an array capture-mediated approach. The workflow is presented in Fig. 1 . Briefly, the regions of interest (color-coded DNA segments) were nominated and an array tiling across the Kit locus was manufactured. Each capture library was hybridized to arrays, washed stringently, eluted under high temperature, and amplified via the added adapters. Enriched libraries were then subjected to downstream library construction and sequencing steps.
The number of reads generated from 454 sequencing of each sample is shown in Table 2 . To assess the degree of the enrichment, mapping data for each sample was evaluated by quantifying the number of reads that mapped within the capture target region (i.e., the Kit locus) as a fraction of the total reads mapping to mm9 (i.e., % on-target). The depth of coverage obtained from the mapping results for all samples is also shown in Fig. 2 . Table 2 includes the number of reads mapped to mm9 (total reads and those that mapped uniquely), the number mapped within the target region (ontarget), and the proportion of on-target reads as a function of total mapped reads. Sequences were also mapped against hg18 as a quality control measure. Total number of reads sequenced and the number and percentage of these reads that mapped uniquely to the mouse genome are shown for each sample (A). Each of the samples contained numerous reads that mapped to hg18, which indicated a small degree of contamination from human DNA. Despite this contamination from human DNA, a [ 709 median coverage of the primary target region was achieved in five of five samples, with a maximum median coverage of 2159 observed in sample W-40J (B). The BALB/c (msgDNA ? control) reads were obtained by pooling three regions of a 16-channel PTP run a Fold enrichment was calculated as (% reads on target)/(Kit interval size in bases/mm9 genome size in bases), where Kit interval size = 183,806 bases, and mm9 genome size = 2,700 Mb
The percentage of on-target reads for mutant samples ranged from approximately 27% to 68%, and was 75% for the positive capture control sample (msgDNA). These ontarget rates reflect enrichment for the Kit locus ranging from 3966-to 11,017-fold. Sequencing libraries from the control sample were sampled approximately tenfold less deeply (e.g., 29 k reads vs. *200 k), and, correspondingly, had a much lower median coverage than experimental samples (Table 2) . Lower on-target rates for mutant samples (W-73J, -41J, and -20J) were found to be associated with human DNA contamination (data not shown). Despite the presence of human DNA in some samples, a median depth of coverage between 70 and 215 reads was achieved over the target interval in each of these samples. Uncontaminated mutant samples yielded a percentage of on-target reads closer to 50% and a median depth of coverage up to 215 reads (Table 2 ) across the 163-kb target interval. The positive control sample was found to be uncontaminated.
In all cases, greater than 97% of the bases in the capture target region were represented in the data set from each sample. In addition, large regions of contiguous sequence from the capture interval were observed for each sample. The range of average contig lengths per sample spanned from 7.4 (163/22) to 10.8 kb (163/15). As expected, the number of contigs was inversely proportional to the depth of coverage (Table 2) . For all samples, the majority of the missing bases correlated with highly repetitive regions within the interval that were excluded from the capture array design. This is shown in Fig. 2 , where gaps in sequence tracks overlap with capture intervals lacking probes due to the presence of repetitive sequence ( Fig. 2A , B, track-1 vs. track-2; gaps in track-1 represented in white). When only the regions targeted by array probes are analyzed, 100% of the bases in those regions had sequence coverage of at least 19.
To assess the ability to span repetitive gaps excluded from the capture design, a spanned-gap percentage was calculated based on all gap intervals (i.e., regions between probes on the array). There were 276 total regions where no probes were nominated. On average, 258 of the 276 were spanned (94%). The spanned-gap percentage ranged between 92 and 96% for all of the mutant samples (data not shown). Lengths of spanned gaps ranged from 89 to 959 bp. The largest design gap was 2885 bp; it was not spanned in any of the samples ( Fig. 2A, B) . The average number of contigs present across the five samples was calculated to be 20 (Table 2) . There was not a strict relationship between gaps and contigs. The sample with the deepest coverage (W-40J) had only 11 design gaps (Table 2) , suggesting some designed regions did not capture well.
Sequence coverage between and within each of the captures was also assessed along the target interval, as shown in Fig. 2 . The pattern of coverage was highly consistent between samples, regardless of the genetic background. Within-sample coverage was somewhat variable, however. Some target regions were captured with higherthan-average efficiency (e.g., positions 76,022,200-76,014,000), while others were undercaptured (e.g., near position 75,972,000). The variation in coverage was reproducible across all five samples, suggesting a systematic effect that may be amenable to correction by future optimization. The primary difference appeared to be in the overall efficacy of the capture from a global perspective (i.e., the scale of the Y axis). This was a direct consequence of the overall amount of sequence obtained and the extent of contamination by nonmouse DNA (data not shown). All sequences generated in this study are available from public databases. The accession information for the entire read set is given in the Materials and methods section.
Age of the genomic DNA sample appeared to have little effect upon capture performance (Table 1, Fig. 2 ) and was not correlated with on-target percentage or coverage uniformity. DNA from W-39J was more than 20 years old and captured as well as the commercially acquired DNA (Fig. 2) . The ability to capture from non-C57BL/6J inbred background (the strain background of the mouse reference genome mm9) was assessed by including an allele that arose in the DBA/2J strain (W-73J) and the commercially acquired mouse genomic DNA (msgDNA), which is reported to be of an inbred BALB/c background. Table 2 and Fig. 2 show that the capture characteristics of both the W-73J and msgDNA samples were quite similar to the other alleles. The median coverage was found to be comparable among W-73J (*70 reads) and the pair of C57BL/ 6J background samples W-41J and W-20J. Coverage uniformity (Fig. 2) also appears comparable to the C57BL/6J samples.
Assembly, putative mutation identification, and validation
The read data were assembled independently by teams at both 454 and RNG using different methods (see additional file), with the union/agreement between the two approaches providing the starting point for subsequent validation. The RNG approach focused on an open-source solution for assembly and variant detection followed by custom python scripts that generated GFF-formatted data tracks capable of visualization using the array data visualization software SignalMap. The 454 effort was centralized within an updated release of the GSRM. A pictorial representation of the data track output from the RNG effort is shown in Fig. 3 and includes allele ratio, quality score, depth of coverage, insertions, deletions, and a colorized version of the reference sequence plotted along the chromosome. In addition, UCSC genome browser annotation tracks were imported, allowing simultaneous visual comparison to annotation such as gene models (introns, exons, and UTR) and known variants (e.g., dbSNP entries).
Since the DNA samples were from mice heterozygous for mutations in Kit, we could assume for variant analysis that the putative mutations would appear as heterozygous variations from the published C57BL/6J reference sequence. Variants from reference were predicted by looking for heterozygous polymorphisms within the interval. Table 3 reports the consolidated variant identification results from both efforts, as well as variants' locations relative to Kit exons and SNPs previously identified within the DBA/2J background. The depth of coverage supporting the indicated variant calls is also shown. The RNG team proceeded genetically with their analysis; variants in common between any two samples were excluded from consideration as likely putative mutations since such variants would be inconsistent with the genetic behavior and origin of the alleles. RNG also excluded variants falling at homopolymeric tracts due to reduced sequencing accuracy in such regions. The variants that were excluded by the RNG team based on these parameters are highlighted in white (75974741 and 76018882).
Within base pair positions 75953844 and 76070262, a total of 15 heterozygous variants were nominated across the five samples. The total number of putative calls was 75 across the five samples, including 15 positive variant predictions and 60 negative predictions (i.e., those positions matching the reference assembly). Thirteen of the positive variant predictions by both 454 and RNG analyses overlapped. The remaining two variants were unique to 454 analysis. PCR amplification and Sanger sequencing was used to validate each variant across all five samples and in control C57BL/6J and/or DBA/2J.
Seven of the variants discovered by both analyses were found in the W-73J sample and are SNPs previously reported for DBA/2J (see gray regions in Table 3 ). Both 454 and RNG correctly made all seven of these predictions. There were two positions for which small deletions were called by the 454 analysis in two of the samples. The positions of these deletions correspond to two dbSNP entries; however, the nature of the variants (2-bp deletion) did not correspond to the dbSNP variants (SNPs) and these variant calls failed validation. The sequence surrounding this position consists of simple sequence. Low-complexity sequence is commonly associated with DNA sequencing and hybridization errors in general. All pyrosequencing technology is sensitive to lengthy homopolymeric tracts and simple sequence because it relies on the enzyme template complexes staying in phase (i.e., at the same base position) within each well for detection. Certainly, the best insurance against these types of miscalls is deep coverage with a high on-target read rate. The one factor that most affected coverage appears to be prevention of capture library contamination since the samples (msgDNA, W-39J, and W-40J) with the best coverage statistics had negligible contamination (\ 1% human). Much care, including both technical and physical control metrics, should be exercised when manipulating the eluate libraries. The source of contamination in this study was traced back to the vacuum apparatus used to dry the eluates (data not shown).
Curiously, 4 of the 11 DBA/2J dbSNP entries mapping in the target interval were missed by both of the variation detection efforts. Of these, attempts to validate three were unsuccessful in both wild-type DBA/2J and W-73J strains, demonstrating that they were correctly called by both teams as nonvariant (i.e., reference). This suggests that a potentially large fraction of DBA/2J SNPs in dbSNP may be incorrect. The fourth ''missed'' SNP, rs33113603, was found by PCR and Sanger sequencing of W-73J and DBA/ 2J and is the only known DBA/2J variant not detected by the RNG and 454 teams. The coverage at this position was 35 9 in the W-73J sample and the sequence surrounding the position is a homopolymeric tract of 11 cytosines.
Five variants were discovered within coding portions of Kit (Table 3 , yellow shading, red text) by both analyses and were validated successfully (Fig. 4) . Four of the variants cause a nonsynonymous change in the KIT amino acid sequence and one is a 5-bp deletion that results in the introduction of a stop codon at amino acid position 190. Both analyses successfully identified the known positive control mutation in W-41J as a G-to-A transition (position Chr 5: 76037232) in the kinase domain's activation loop (V831M). The remaining four coding variants are most likely the causative mutations for W-20J, -40J, -73J, and -39J (see below). In addition, there was one noncoding variant, common to both analyses, that was validated successfully and is therefore a novel SNP that is unique to W-39J.
The cumulative validation results show that for the 15 positive heterozygous variation predictions made across the five samples, 13 correct positive predictions were made. By extension, the corresponding 60 negative predictions (4 associated with each positive prediction) were also correctly made. Consistent with this observation, Sanger sequencing of each variant position and sequencing of the entire coding sequence of Kit in each sample confirmed that there were no variant (i.e., heterozygous) bases in any of the validation assays other than the predicted base (13 times). This meant that the positive prediction accuracy rate was at least 13/15 or 86%, and because of the single missed SNP, the false-negative rate was 0.013% (1/75). The false-positive rate at the allele ratio employed by each team collectively was 13% (2/15). All of the correctly Fig. 4 Independent nonsynonymous SNP validation. As for all of the variants discovered, validation of each of the nonsynonymous coding variants was performed using conventional Sanger sequencing methods. Regions spanning each variant were sequenced in all of the five samples. C57BL/6J DNA was sequenced as a negative control for all of the samples. DBA/2J DNA was used as an additional negative control for the W-73J variants (not shown). Red arrows indicate the positive validation of each variant or mutation. Each row comprises the Sanger results from each allele. Each column represents one of the predicted nonsynonymous alterations. Notice in the deletion allele that the unique bases distal to the deletion become offset as expected predicted variants had variant allele ratios greater than 25%, where the allele ratio is (minor allele/major allele)*100. Conversely, of the two variants that failed to validate, both had allele ratios of less than 25%. Therefore, a reasonable variant allele ratio cutoff for predicting heterozygosity at any position is an allele ratio of greater than 25%.
Validated mutations fall into critical domains for kinase function
The Kit gene encodes a tyrosine kinase cell surface receptor composed of two domains important for function-an extracellular ligand-binding domain (orange, Fig. 5 ) and an intracellular kinase domain (green, Fig. 5 ). Close inspection of the position of the validated nonsynonymous SNPs and the deletion within Kit revealed that four of variants (including the positive control W-41J) are in the kinase domain. Figure 5 depicts the position of each along with the resulting amino acid sequence in each of the alleles. Three of the five are in the activation loop, which is important for activating the kinase's phosphate transfer (Bernstein et al. 1990; Nocka et al. 1989) . The known mutation W-41J falls into the ATP-binding loop, which is important for coordinating the phosphate donor within the active site ). The strain bearing the W-20J allele has a mutation in a universally conserved position [the 5 0 anchor G in the GXGXXGK(N20)K in the ATP-binding loop, which replaces the glycine with an glutamate residue (G595E)]. The W-73J allele contains an aspartate-for-alanine substitution at position 605, and the W-39J allele contains an isoleucine instead of a methionine at position 623. The W-39J allele lies adjacent to and just outside the GXGXXGK(N20)K ATP-binding loop. The 5-bp deletion allele identified in W-40J results in a frameshift yielding two nonsynonymous substitutions (R186C and A188S) and an in-frame, premature STOP at position 190. This is predicted to result in nonsense-mediated decay of the resulting transcript and/or translation to a polypeptide truncated to less than one third the normal length with no fully formed domains.
Estimates of the likelihood of a particular nonsynonymous (amino-acid-changing) coding SNP causing a functional impact on the protein were calculated using the method of Thomas and Kejariwal (Thomas et al. 2006) . Briefly, the method calculates a factor called the substitution position-specific evolutionary conservation (subPSEC) score based on an alignment of evolutionarily related proteins (i.e., Kit orthologs), and as a part of that calculation, the method estimates whether a particular lesion is deleterious (Pdel). The calculated subPSEC and Pdel along with each validated change for each allele are presented in Table 4 . The severity of each allele's homozygous phenotype corresponded to its predicted Pdel value. Like W-41J, W-39J is a homozygous viable allele and has the lowest Pdel, while W-73J is a homozygous lethal allele and has the highest Pdel. The phenotype of homozygous W-20J mice has not been reported but based on the nature of the mutation and existing data on the molecular nature of alleles that are phenocopies of W-20J Reith et al. 1990 ), we can predict that W-20J is likely a homozygous lethal allele. The frame-shift in W-40J introduces a premature stop codon at amino acid position 190 in the extracellular binding domain of KIT (Fig. 5 ). This mutation most likely results in loss of function, which may explain the less severe phenotype of heterozygotes (i.e., no anemia) and the lethal phenotype of homozygotes. This is a common feature of mutations in Kit, where some missense mutations can confer a dominant negative effect in heterozygous animals, whereas null mutations that reduce the amount of normal protein have mild effects in heterozygous animals Reith et al. 1990 ). The phenotypes of W-39J and W-41J are examples of this phenomenon where heterozygous animals have more severe coat color (dilution) and hematopoietic (mild anemia) phenotypes compared to null alleles such as the classic dominant white spotting allele W (de Aberle 1927), a deletion allele that prevents cell surface expression of KIT.
Discussion
Array capture-mediated resequencing leads to the discovery of four novel mutations We successfully identified four novel mutations in the Kit locus using array capture-mediated resequencing. For each sample, one coding SNP or small deletion was detected and independently validated. Importantly, the positive control mutation was also confirmed correctly. Furthermore, the nature of the mutations, their positions within the KIT protein, and a wealth of genetic data, including noncomplementation with previously characterized Kit alleles, support the conclusion that the coding variants found in W-20J, W-39J, W-40J, and W-73J are the causative mutations. While formal proof of causation would require the recreation of these alleles by gene targeting, the overwhelming amount of available data warrants the indictment of these lesions as the molecular basis of the Kit defects in these lines.
W-39J spontaneously arose in C57BL/6J; therefore, it was interesting to find and validate a variant (in addition to the W-39J mutation) from reference (which is also C57BL/ 6J). Pedigree data show that the W-39J mutation arose prior to 1970 and was then maintained in a reproductively isolated research colony until DNA was archived in 1985. This additional novel variant is not present in the other W alleles that were used in this study, all of which arose spontaneously in the same C57BL/6J breeding colony at The Jackson Laboratory. We validated that neither the alleles that arose before (W-20J) or after (-40J, and -41J) W-39J carry this SNP, nor does the strain upon which the W-39J allele is carried (Schlager and Dickie 1967) . Therefore, it is likely that this variant arose after the W-39J mutation and, given its proximity to the causative W-39J mutation, tight linkage resulted in maintenance of the SNP in subsequent generations (*62 generations).
Success guides experimental and analysis parameters for future studies These results show that sequence capture and next-generation sequencing technology can be used to rapidly sequence select regions from the mouse genome and that heterozygous variations within these regions can be predicted with high accuracy. Using this approach, we successfully identified one known (positive control) and four previously unknown mutations in the Kit gene, as well as one new SNP and seven of eight known DBA/2J SNPs. The positive-prediction accuracy was 86% and the negativeprediction accuracy was close to perfect. A variant allele frequency cutoff of 25% appears sufficient to capture all true variants. In addition, validation of candidate variants can be further prioritized by coverage and flanking sequence complexity. We conclude that an allele ratio threshold of greater than 25% and read depth of greater than 20 are sufficient to sensitively detect true heterozygous variants while maintaining sufficient specificity to yield a manageably small collection of SNP for validation.
Even with the more liberal allele ratio threshold of 20% used for heterozygote detection, only 15 variants from the over 163 kb in each sample were nominated across the five samples. The observation of fewer than ten heterozygous variants (on average) and no homozygous variants across the five key samples suggests that amplification-mediated artifacts (i.e., polymerase errors) from the eluate are not generating a burdensome number of putative errors that have to be assessed later. Certainly, understanding the rate of SNP discovery per sample megabase may be useful for estimating the number of variants expected for larger sequencing studies. The average of about three naturally The alteration, calculated subPSEC (substitution position-specific evolutionary conservation) score, and probability of a deleterious consequence (Pdel) are indicated for each allele. The calculations are based upon an alignment of evolutionarily related proteins, as described in Thomas et al. (2006) Additional considerations are needed when dealing with identification of induced mutations because DNA from the G1 offspring of N-ethyl-N-nitrosourea (ENU)-mutagenized mice is predicted to carry a mutation load approaching one in every 1.82 Mb (Keays et al. 2006) , depending on the ENU dose and strain. Based on this frequency and considering the size of the coding portion of the mouse genome, Keays et al. estimated that the first-generation offspring from an ENU-mutagenized mouse will carry roughly 31 mutations that are in coding sequence (Keays et al. 2006; Quwailid et al. 2004) . With each backcross generation, the mutation load decreases so that at the tenth backcross generation there is a 7% chance that another ENU-induced coding mutation will be linked to the causative mutation (Keays et al. 2006) . Therefore, the number of ENU mutations that one would expect to find in the genome of mutagenized animals and their offspring is very much dependent on the backcross generation and these factors need to be considered when planning validation efforts.
Most important from a practical perspective is the potential savings in terms of time (and therefore cost) for mutation discovery in the mouse genome. In as little as 2 weeks, an approximately 160-kb genomic region from five strains was captured and sequenced with a maximum median depth of coverage of 215 reads, comprising a total of over 340 Mb from the genetically identified interval. The nature of the mutation to be discovered will likely impact the analysis. True heterozygous variants were detected with as little as 15 9 coverage (Table 3) . Based on this, we suspect that homozygous variant (recessive mutation) prediction will require as little as 4-5 9 coverage. Current array technologies will allow for whole-exome capture from the mouse genome in a single array . However, when budgeting for sequencing, one needs to consider the total sequence needed to obtain the desired coverage. Then assuming that roughly one fourth of the sequence will not map uniquely or to the region of interest, that amount of sequence needs to be multiplied by 1.25 to determine the total amount of sequencing data required for mutation detection. Given the nature of the coding portion of the genome, one can expect a much lower false discovery rate since simple sequences like homopolymeric tracts and dinucleotide repeats (which contribute to the majority of false calls) are less abundant in this portion of the genome. Of course, because there is only one reference mouse genome available, capture is sequence constrained or limited to just the shared sequence portion of the C57BL/6J genome and any other strain of interest.
Current next-generation sequencing technologies promise 5-30-fold more sequence per sequencing run and current custom array technologies can provide custom designs to capture approximately 1-2% of the genome (i.e., many or most of the exons depending on the semantic definition of ''exon'' used). Such large sequence spaces could easily be sampled with a few runs or lanes on any platform.
What is important to consider from an analytical perspective is that platform-associated artifacts were shared between samples at the same chromosomal positions. Such an observation suggests that genetic guidance of the discovery process may be used to constrain the false discovery rate. Of serious import, however, may be the genetic background on which the mutation is carried. Recent array copy-number variation (CNV) studies suggest that as much as 10% of the mouse genome may be copy number variable between different inbreds (Shaw and Geoghean, personal communication; She et al. 2008) . Clearly, any segmental aneuploidy between the strain being sequenced and the reference sequence used for array production and SNP calling may give rise to coverage holes (where mm9 has the sequence but the strain of interest does not), or it may result inappropriate homozygous genotypes where the heterozygous mouse contains one reference allele over a deletion (or duplication) allele. Future resequencing studies should carefully consider integrating CNV study with any capture technology.
Genetic guidance of mutation discovery may mitigate these issues when combined with de novo assembly of the captured reads into a strain-specific consensus. Subsequent mapping with captures from heterozygous and homozygous mutants, perhaps sibs, and then mapping mutations via the strain-specific consensus (without regard to the mm9 consensus) should mitigate errors, particularly when animals with all three genotypic constructions may be analyzed. Combinations of both the long-read and shortread technologies would seem advantageous for such efforts.
Importantly, these data provide the framework for constructing the efficient detection of causative mutations in mutant mouse strains moving forward. The standards presented here, coupled with the latest sequence capture methods (e.g., whole-exome arrays or solution-based methods) and next-generation sequencing technologies promise to significantly close the gap between phenotype and genotype in the mouse.
